Visual shape completion is a fundamental process that constructs contours and shapes on the basis of the geometric relations between spatially separated edge elements. People with schizophrenia are impaired at distinguishing visually completed shapes, but when does the impairment emerge and how does it evolve with illness duration? The question bears on the debate as to whether cognition declines after illness onset. To address the issue, we tested healthy controls (n ϭ 48), first-episode psychosis patients (n ϭ 23), and chronic schizophrenia patients (n ϭ 49) on a classic psychophysical task in which subjects discriminated the relative orientations of four sectored circles that either formed or did not form visually completed shapes (illusory and fragmented conditions, respectively). Visual shape completion was quantified as the extent to which performance in the illusory condition exceeded that of the fragmented. Half of the trials incorporated wire edge elements, which augment contour salience and improve shape completion. Each patient group exhibited large visual shape completion deficits that could not be explained by differences in age, motivation, or orientation tuning. Patients responded normally to changes in illusory contour salience, indicating that they were forming but not adequately employing such contours for discriminating shapes. Shape completion deficits were most apparent for patients with cognitive disorganization, poor premorbid early adolescent functioning, and normal orientation discrimination. Visual shape completion deficits emerge maximally by the first psychotic episode and arise from higher-level disturbances that are related to premorbid functioning and disorganization.
Visual shape completion is a perceptual organization process that forms contours and shapes on the basis of the relative positions and orientations of spatially discrete contour elements. Behavioral studies have shown that chronic schizophrenia patients are impaired at discriminating visually completed shapes but not at distinguishing featurally similar configurations that lack illusory contours. When does this deficit first develop and how does it evolve with illness duration? The question is important for several reasons. One is that it bears on the current debate as to whether cognitive ability in schizophrenia remains relatively static following the first psychotic episode (Kahn & Keefe, 2013; Zipursky, Reilly, & Murray, 2013) . "Cognition" in these debates has been mostly construed to mean high-level processing such as attention, knowledge acquisition, working memory, and general intelligence, but there is comparatively scant evidence as to whether perceptual functioning worsens or remains the same over the illness course. Second, visual shape completion is intrinsically important, enabling species throughout the animal kingdom to rapidly identify the shape, number, and position of the objects that project to the eye (Keane, 2018; Nieder, 2002) . Any such deficit would presumably have knock-on effects for navigating within and rapidly making sense of the external stimulus environment. Third, visual shape completion has been heavily studied in the basic visual neuroscience literature via fMRI, EEG, TMS, and single-unit recording and has been shown to critically rely upon long-range horizontal excitatory connections between orientation-tuned spatial frequency filters in V1 or V2, and top-down feedback from higher-level cortical areas such as V4 or lateral occipital complex (LOC; Lee & Nguyen, 2001; Seghier & Vuilleumier, 2006; Shpaner, Molholm, Forde, & Foxe, 2013; Wokke, Vandenbroucke, Scholte, & Lamme, 2013) . A deficit found in first-episode psychosis would naturally implicate these neural structures and the coordination of neural activity between them, and would thereby motivate future follow-up neuroimaging work to understand how the visual brain functions up through the first psychotic episode.
Cognitive disorganization and premorbid functioning were of a priori interest (Silverstein & Keane, 2011) . Increased disorganization has been linked to reduced surround suppression, impaired visual shape completion, and reduced depth inversion illusions (Keane, Erlikhman, Kastner, Paterno, & Silverstein, 2014; Keane, Joseph, & Silverstein, 2014; Silverstein et al., 2013) ; it has also been associated with reduced orbitofrontal gray matter volume, worse prognosis, and decreased gamma band spectral power during perceptual organization (Bearden, Wu, Caplan, & Cannon, 2011; Grützner et al., 2013; Nakamura et al., 2008) . Premorbid dysfunction has been associated with impaired perceptual organization, increased visual perceptual abnormalities, poorer prognosis, more cognitive disorganization, and reduced orbitofrontal volume (Cannon-Spoor, Potkin, & Wyatt, 1982; Farmer, McGuffin, & Spitznagel, 1983; Gur et al., 2000; Keane, Cruz, Paterno, & Silverstein, 2018; Schenkel, Spaulding, & Silverstein, 2005) .
To assess the development and clinical relevance of visual shape completion deficits in schizophrenia, we had chronic patients, first-episode psychosis patients, and healthy control subjects discriminate the orientations of four notched circles or "pac-men" (Ringach & Shapley, 1996) . In the illusory condition, the pac-men formed an illusory ("Kanizsa") square and the task was to say whether it was fat or thin; in the fragmented condition, the pacmen pointed downward so as to block illusory contours and the task was to indicate whether the elements were individually rotated left or right (see Figure 1) . As in past studies, we sought to avoid generalized deficit confounds by defining visual shape completion as the discriminatory advantage conferred by the Gestalt layout: the better that subjects performed in the illusory relative to the fragmented condition, the better that they were considered to complete visual shapes (Keane, Erlikhman et al., 2014; Keane, Joseph et al., 2014 ; see also Discussion). Half of the trials incorporated wire elements, which augment the clarity of the contours and thereby improve visual shape completion as just defined (Keane, Erlikhman et al., 2014) . Prior research with chronic patients led us to predict that each subject group would respond normally to alterations in illusory contour salience. Another prediction was that worse shape completion deficits would accompany increased disorganization and poorer premorbid adjustment. Finally, we speculated that shape completion deficits would appear by the first psychotic episode and worsen with increased illness duration since that has been shown with a related contour integration task (Keane, Paterno, Kastner, & Silverstein, 2016a) . This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Method Subjects
The subject sample comprised 48 healthy controls (Ctrl), 23 participants with first-episode psychosis (FirstEp), and 49 participants with schizophrenia or schizoaffective disorder who have had more than one psychotic episode (later-episode subjects; "LaterEp"). These numbers exclude five other individuals (2 LaterEp and 3 Ctrl) who did not finish the visual shape completion task due to computer malfunction, unwillingness to proceed, or inability to perform the task. Controls without 4-year college degrees were preferentially recruited to prevent exaggerated group differences in IQ and education (see Table 1 ). For all subjects, inclusion/exclusion criteria were (a) age 18 -65; (b) no electroconvulsive therapy in the past 8 weeks; (c) no neurological or pervasive developmental disorders; (d) no drug dependence in the last 6 months (as assessed with the Mini International Neuropsychiatric Interview 6.0; MINI; Sheehan et al., 1998) ; (e) no brain injury due to accident or illness (e.g., stroke or brain tumor); (f) no amblyopia (as assessed by informal observation and self-report); (g) visual acuity of 20/32 or better (with corrective lenses if necessary); and (h) the ability to understand English and provide written informed consent. Additional criteria for later-episode patients were: having had at least two psychiatric hospitalizations and having received a DSM-IV-TR diagnosis of schizophrenia or schizoaffective disorder (American Psychiatric Association [APA] , 2000) at the time of testing. Additional criteria for controls were: no DSM-IV-TR diagnosis of any psychotic or mood disorder, no current psychotropic-or cognition-enhancing medication, and no first-degree relative with schizophrenia or schizoaffective disorder. Additional criteria for first episode psychosis patients were: having had exactly one hospitalization for psychosis and having recently received a psychotic disorder diagnosis in most cases within one year of testing. The diagnoses of the first-episode group were: schizophrenia (n ϭ 6), schizoaffective disorder (n ϭ 4), schizophreniform disorder (n ϭ 5), and psychotic disorder NOS (n ϭ 8). The first-episode status was confirmed by a review of medical records and a structured psychiatric interview (see below). Only one patient (LaterEp) admitted to not taking medication at the time of testing.
An experienced rater (Danielle Paterno) and the first-author (Brian Keane) had established reliability with each other and with raters in other ongoing studies (ICC Ͼ .8); they administered the clinical instruments and perceptual tasks to the study participants. Psychiatric diagnosis was assessed with the Structured Clinical Interview for DSM-IV (SCID; APA, 2000; First, Spitzer, Gibbon, & Williams, 2002) , and was supplemented with electronic medical record information when the diagnosis was unclear. Intellectual functioning of all subjects was assessed with a brief vocabulary test that correlates highly (r ϭ .80) with WAIS-III full-scale IQ scores (Shipley, Gruber, Martin, & Klein, 2009, p. 65) . A vocabulary subtest was preferred over tests of fluid intelligence since verbal knowledge may better reflect premorbid full-scale IQ in This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
schizophrenia (Meier et al., 2014) and since it is one of the best predictors of full-scale IQ in healthy adults (Canivez & Watkins, 2010) . Visual acuity was measured with a logarithmic visual acuity chart under fluorescent overhead lighting (viewing distance ϭ 2 m, lower limit ϭ 20/10), and an in-house visual acuity correction kit was used for individuals without appropriate glasses or contacts. Each group had an average binocular acuity of 20/20 or better (logMAR Յ 0.0; see Table 1 ). The Positive and Negative Syndrome Scale (PANSS; Kay, Fiszbein, & Opler, 1987) was administered within 2 weeks (most typically 7 days) of the perceptual task and provided information about symptoms over the last 2 weeks. PANSS symptom scores were reported via a "consensus" five-factor model, which was constructed from 29 previous five-factor models, and is arguably superior to the three-factor model for first-and later-episode patients (Langeveld et al., 2013; Stefanovics, Elkis, Zhening, Zhang, & Rosenheck, 2014; Wallwork, Fortgang, Hashimoto, Weinberger, & Dickinson, 2012) . The Multidimensional Scale of Independent Functioning (MSIF) independently evaluated role position, amount of support required to perform roles, and performance in how patients performed work, education, and home tasks (in decreasing order of emphasis) within the month prior to the interview (Jaeger, Berns, & Czobor, 2003) . We tested for medication effects by first converting antipsychotic dosages to chlorpromazine equivalents based on published standards (Andreasen, Pressler, Nopoulos, Miller, & Ho, 2010) and then correlating those values with task performance.
The Premorbid Adjustment Scale (PAS; Cannon-Spoor et al., 1982) measured sociability, peer relationship quality, scholastic performance, school adaptation, and (where appropriate) socialsexual functioning up to 1 year before illness onset: this was done for childhood (up through age 11), early adolescence (ages 12-15), late adolescence (ages 16 -18), and adulthood (ages 19 and above). To gain a more precise idea as to what aspects of premorbid functioning might be disturbed, we examined each functioning domain averaged across age period and each age period averaged across functioning domain (see Analysis for further details). We excluded the PAS "general" score, as others have done, since it partly reflects functioning after illness onset (van Mastrigt & Addington, 2002) . Illness onset on the PAS was defined as when one or more positive symptoms first became noticeable or concerning to the patient; illness duration was defined as the time elapsed between illness onset and task administration.
Written informed consent was obtained from all subjects after explanation of the nature and possible consequences of participation. The study followed the tenets of the Declaration of Helsinki and was approved by the Rutgers Institutional Review Board (Spatial frequency contributions to contour integration in schizophrenia; Pro2012001370). All participants received monetary compensation and were naive to the study's objectives.
Apparatus
Stimuli were presented on a 21Љ CRT monitor, which had a resolution of 1024 ϫ 768, a frame rate of 100 Hz noninterlaced, and a mean background luminance of 30 cd/m 2 . Subjects placed their heads in a chinrest to keep the viewing distance constant at 181.5 cm. Lookup table values for the monitor were linearized with psychophysics toolbox (Pelli, 1997) and calibrated with a Konica-Minolta CS-100 photometer.
Stimulus and Procedure
The so-called fat/thin shape discrimination paradigm has been extensively studied using TMS, EEG, fMRI, single-unit recording, and behavioral psychophysics (Feltner & Kiorpes, 2010; Keane, Lu, & Kellman, 2007; Maertens & Shapley, 2008; Murray, Imber, Javitt, & Foxe, 2006; Stanley & Rubin, 2005; Wokke et al., 2013) . The exact stimulus and procedure has been described elsewhere (Keane, Erlikhman et al., 2014) but is repeated below (see also Figure 1 ). In the traditional condition, there were four white sectored circles (diameter ϭ 1.5 deg) centered at the vertices of an invisible square (side ϭ 4.5 deg), which itself was centered on the screen (see Figure 3 ). In the wire condition, the stimuli were the same except that the sectors were replaced with line segments (width ϭ .05 deg). Illusory contour formation depended on the geometric property of "relatability" (Kellman & Shipley, 1991) : when the pac-men were properly aligned (relatable), the illusory contours were present (the "illusory" condition), when misaligned (unrelatable), they were absent ("fragmented" condition). A fixation point appeared at the screen center on each trial and subjects were instructed to keep fixated throughout.
One half of the experiment consisted of the illusory condition and the other half, the fragmented condition; the two were counterbalanced across subjects. In the illusory trials, sectored circles jointly formed fat or thin visually completed shapes, and subjects judged which they saw. In the fragmented trials, the pac-men were all oriented downward, and subjects identified whether the pacmen were individually rotated leftward or rightward. The fragmented condition design was chosen because it forced subjects to make judgments on the lateral properties of the stimulus-similar to the illusory condition-and because the task was easier to explain than alternative control conditions, such as clockwise versus counterclockwise.
The trial presentation sequence was similar to earlier studies and consisted of a 1,000-ms black screen, 200-ms target presentation, 50-ms uniform black screen, 300-ms mask (to cap stimulus processing time), and another black screen that lingered until response registration (Keane, Lu, Papathomas, Silverstein, & Kellman, 2012; Ringach & Shapley, 1996; Zhou, Tjan, Zhou, & Liu, 2008) . Subjects were given an unlimited time to respond and correct responses were followed by an auditory sound burst (beep). In all cases, the experimenter entered responses on behalf of each subject to minimize potential group differences in key-press errors (mismatching a key-press with a response).
At the beginning of each half of the experiment, there were 64 practice trials within which the target presentation time and rotation angle decreased incrementally (3,200 ms, 1,600 ms, 800 ms, 400 ms, and 200 ms; 10, 8, 6, and 4 deg), allowing observers to become gradually acquainted with the subtle shape differences and brief stimulus duration. Following the practice, there were 84 trials, one half of which were traditional and the other half, wire. The ordering between the two was counterbalanced across observers. The practice trials were of the same trial type (traditional/wire) as the subsequent nonpractice trials. Half way through the nonpractice trials of a block, subjects received a brief break to prevent eye fatigue. This document is copyrighted by the American Psychological Association or one of its allied publishers.
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Task difficulty depended on rotation angle, with larger rotations making the alternatives easier to distinguish. The slope and threshold of the psychometric functions were measured with a Bayesian adaptive "Psi" method (Kontsevich & Tyler, 1999) , which recommended on each trial a rotation angle that would minimize the expected entropy (uncertainty) of the estimated threshold and slope of the psychometric function. The rotation angle was expressed in log units given the decelerating function relating this quantity to proportion correct (Keane, Lu et al., 2012; Zhou et al., 2008) . The staircase assumed a log-Weibull (Gumbel) function: ͑x; ␣, ␤, ␥, ͒ ϭ ␥ ϩ ͑1 Ϫ ␥ Ϫ ͒͑1 Ϫ e Ϫ10 ␤͑xϪ␣͒ ͒ where psi corresponds to the proportion correct, x is the difficulty level (rotation angle in log degrees), alpha is the threshold, beta is the slope, gamma is the guess rate (0.5), and lambda is the attentional lapse rate (assumed to be .03; Kingdom & Prins, 2016) . Threshold corresponded to the amount of pac-man rotation needed to generate 80% accuracy (see Figure 2D ). The Psi method is advantageous in that it makes no assumption about slope-which can change from condition to condition-and provides arguably the most efficient method for simultaneously estimating the shape of twoparameter psychometric functions (Klein, 2001 ). The first nonpractice trial of each of the four blocks was ignored for threshold estimation since such trials could more easily be missed.
Instructions were shown immediately before and after the practice trials on each half of the experiment. To make the instructions for the illusory condition as clear as possible, luminance-defined lines were drawn on the borders of the illusory shape, so that subjects could see clearly what was meant by "fat" or "thin". On subsequent instruction screens, starkly different fat/thin shapes (rotation ϭ 10 deg) were shown individually, side-by-side, and then in temporal succession (period ϭ 2 s) so that subjects could clearly envisage how the two stimulus categories differed. The experiment duration, including instructions and practice, did not differ between groups: 21.7 min for FirstEp, 22.0 min for Ctrl, and 23.2 min for LaterEp. This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.
Analysis
Threshold values (log deg of rotation) were analyzed with a 2 (relatability: illusory, fragmented) ϫ 2 (contour type: traditional, wire) ϫ 3 (group: LaterEp, FirstEp, Ctrl) mixed model analysis of variance (ANOVA). Visual shape completion was defined as the threshold difference (Fragmented-Illusory). Therefore, the group by relatability interaction, if significant, would indicate nonequivalent shape completion between groups. Relationships between symptoms and visual shape completion were evaluated with Pearson's r. T tests were two-tailed and equal variances were assumed, unless a significant Levene's test demanded otherwise. To limit Type I errors, we Bonferroni corrected the values from each clinical instrument: this was done separately for the five PANSS factors (disorganized, positive, negative, excited, depressed), the four SAPS scores (hallucinations, delusions, bizarre behavior, positive formal thought disorder), the four current functioning (MSIF) scores (role functioning, support functioning, performance functioning, global functioning), and the 11 premorbid functioning (PAS) scores (sociability, peer relationships, scholastic performance, adaptation to school, social-sexual functioning, childhood, early adolescent, late adolescent, adult, age of onset, and the "total" score averaged over age period).
Results
Results are shown in Figure 2 . There were main effects of group and contour type (F(2, 117) ϭ 15.8, p Ͻ .001, p 2 ϭ .213; F(1, 117) ϭ 9.4, p ϭ .003, p 2 ϭ .075). In agreement with prior studies (Keane, Erlikhman et al., 2014) , there was a group by relatability Figure 3 . Results when patients with poor orientation discrimination were removed. (A) The between-groups differences were qualitatively the same as before but with a larger magnitude (compare to Figure 2C ). Error bars show Ϯ1 SEM. (B) When data were averaged across the wire and traditional conditions and when patient groups were combined, the patients (in red [black] ) clearly demonstrated worse visual shape completion and thus were more likely to fall below the diagonal. The width and height of the ellipses denote bootstrapped SEMs for each subject and condition (C, D). Poor visual shape completion was linked to worse premorbid functioning and increased disorganization.
‫ءء‬ p Ͻ .01. ‫ءءء‬ p Ͻ .001. See the online article for the color version of this figure.
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interaction (F(2, 117) ϭ 6.1, p ϭ .003, p 2 ϭ .094), indicating that groups differed on the ability to visually complete shapes. Follow-up ANOVAs revealed that this interaction was equivalent between the two patient groups (F(1, 70) ϭ 0.9, p ϭ .89, p 2 Ͻ.001): that is, visual shape completion did not depend on patients' first-episode status. Follow-up ANOVAs further showed that the relatability by group interaction was significant when each patient group was compared to controls ( FirstEp: F(1, 69) There was a two-way interaction between relatability and contour type (F(1, 117) ϭ 13.2, p Ͻ .001, p 2 ϭ .101): the wire stimuli were easier to discriminate than the traditional pac-man in the illusory condition (F(1, 47) ϭ 17.0, p Ͻ .001, p 2 ϭ .127) but the two were equally difficult in the fragmented condition, F(1, 117) ϭ 0.9, p ϭ .351, p 2 ϭ .007). This interaction-which has been dubbed the "illusory wire advantage" (Keane, Erlikhman et al., 2014)-did not depend on group membership (F(2, 117) ϭ 1.2, p ϭ .296, p 2 ϭ .021; See Figure 2D ), suggesting that groups were responding similarly to alterations in illusory contour appearance.
Medication could not explain our findings. CPZ equivalent dosages did not correlate with performance in either group or across patients (all ps Ͼ .6). When CPZ values were added as a covariate (using an ANCOVA), medication did not interact with any other variable (all ps Ͼ .6) and the group by relatability interaction continued to be nonsignificant (F(1, 62) ϭ .065, p ϭ .80, p 2 ϭ .001). Similar performance between the first-and laterepisode patients also suggested that long-term pharmacological treatment imposed little effect on visual shape completion.
Although the two patient groups were matched on current level of functioning, as measured with the MSIF, they were also distributed differently between the three treatment programs (outpatient, extended partial hospital, acute partial hospital; see Table 1 ). This group difference was of little consequence: visual shape completion did not depend on this variable within or across patient groups (one-way ANOVAs; all ps Ͼ .05).
Even though controls were age-matched to patients as a whole (controls, M ϭ 35.6; patients, M ϭ 38.2, p ϭ .30), the controls were significantly older than first-episode patients and younger than the later-episode patients (both ps Ͻ .001; see Table) . Because age cannot be controlled via an ANCOVA when groups already differ on the variable (Miller & Chapman, 2001 ), we probed for age effects simply by removing controls older than the control mean (M ϭ 35.6) so that the control and first episode groups were age-matched (controls, M ϭ 24.4; patients, M ϭ 25.3; p ϭ .56). As before, there was a significant group by relatability interaction (F(1, 46) ϭ 4.7, p ϭ .036, p 2 ϭ .092). We next removed only the younger-than-average controls so that the control and later-episode patient groups were age matched (controls, M ϭ 47.8; patients, M ϭ 44.2; p ϭ .11). Once again, there was a group by relatability interaction (F(1, 70) ϭ 7.8, p ϭ .007, p 2 ϭ .101). Finally, age did not correlate with visual shape completion in any of the three groups or across patients (all ps Ͼ .05). Therefore, age differences cannot explain the above effects.
Despite enforcing a standard VA cut-off of 20/32 and despite later-episode patients having an average visual acuity measurement of almost exactly 20/20 (logMAR ϭ 0.01), we took the unusual step of checking and ultimately finding an overall group difference on this variable (F(2, 115) ϭ 6.5, p Ͻ .01, p 2 ϭ .102). Post hoc tests revealed worse VA in the LaterEps as compared to Ctrls (p Ͻ .001) and FirstEps (p Ͻ .05). However, VA did not correlate with visual completion in any of the three groups or across patients (all ps Ͼ .4) and thus was of doubtful significance.
Broad orientation tuning might be responsible for certain forms of visual perceptual deficits in schizophrenia and so could potentially be responsible for the present results (Robol et al., 2013; Schallmo, Sponheim, & Olman, 2013; Silverstein et al., 2013) . To consider this possibility, we excluded patients whose fragmented thresholds fell 1.5 SD above the control fragmented mean (12 LaterEp and 2 FirstEp), effectively matching groups on this condition (p ϭ .255 on a one-way ANOVA). Note that others have also employed a 1.5 SD cut-off when matching schizophrenia patients and controls on nuisance variables (Kéri, Kelemen, & Benedek, 2009, p. 80; Kiss, Janka, Benedek, & Kéri, 2006, p. 136; Must, Janka, Benedek, & Kéri, 2004, p. 131) . Rerunning our analysis, the patient groups were again similar to one another (p Ͼ .9) but impaired relative to the control subjects (both ps Ͻ .01). The foregoing results would remain the same if another cut-off value were used (e.g., 1.0 SD).
An unexpected finding was that teasing out the low-performing later-episode patients increased the size of the between group difference with controls (Cohen's D: .64 ¡ .84; compare Figure  2C and Figure 3A) . Correspondingly, we found that, across subjects, lower overall fragmented performance (higher thresholds) predicted a greater advantage in the illusory relative to the fragmented condition (better shape completion; r ϭ .27, p ϭ .003); the correlation was not moderated by whether a subject was a patient (⌬R 2 ϭ .010, F(1, 116) ϭ 1.57, p Ͼ .10). The reason for the effect is unknown but one possibility is that subjects who prefer to spread attention across all four pac-men will be at an inherent advantage for gestalt grouping and disadvantage for orientation discrimination (spreading attention across multiple elements to extract orientation may be useful only when perceptual averaging can remove external noise, such as with orientation jitter). Regardless of the veracity of this explanation, visual completion deficits, as defined here, will paradoxically be underestimated unless groups are behaviorally matched on the fragmented task.
While not central to our investigation, we further considered how visual completion deficits varied with psychotic disorder diagnosis. In particular, we compared people with schizophrenia (n ϭ 38), schizoaffective disorder (n ϭ 21), or other psychotic disorders (n ϭ 13) and reran a 2 (relatability) ϫ 2 (contour type) ϫ 3 (diagnosis) ANOVA. There was an interaction of relatability and contour type (F(1, 69) ϭ 6.50, p ϭ .01, partial eta squared ϭ .086), indicating an illusory wire advantage, as described above. There was neither a main effect of diagnosis nor an interaction with diagnosis (all ps Ͼ .21), suggesting roughly equivalent deficits across groups.
Clinical Correlations
To examine clinical relationships, we first collapsed across patient groups since completion deficits arose regardless of first or later-episode status. We then averaged across the two contour types (wire/traditional) since the between-group ANOVA comparisons did not depend on this variable (all ps Ͼ .15), and since the This document is copyrighted by the American Psychological Association or one of its allied publishers.
visual completion wire and traditional scores were strongly intercorrelated within and across groups (patients: r ϭ .36, p ϭ .002; controls: r ϭ .34, p ϭ .02; all subjects: r ϭ .40, p Ͻ 10 Ϫ5 ). Before statistical correction, modest correlations were found between visual shape completion scores (the Fragmented minus Illusory threshold) and: PANSS excitement, r ϭ .246, p ϭ .049, SAPS delusions, r ϭ .257, p ϭ .037, PAS peer relationships, r ϭ Ϫ.26, p ϭ .047, and PAS early adolescent, r ϭ Ϫ.282, p ϭ .034. Two factors prevented clinical correlations from standing out more clearly. First, less attentive or motivated subjects (as judged by the fragmented score) arguably generated noisier fragmented thresholds and ipso facto noisier visual completion scores. As evidence, subjects with higher fragmented thresholds also had more variance in their fragmented threshold estimates, r ϭ .19, p Ͻ .05. Second, as noted above, higher fragmented thresholds correlated with larger visual completion scores in patients as well as in controls (both ps Ͻ .05), implying that such effects inflated the unexplained variance in visual completion. In light of these observations, we removed patients falling outside the normal range on the fragmented condition (greater than 1.5 SD above the control mean; 54 patients retained) so that the fragmented scores no longer bore any relation to standard error estimates or visual completion scores (both |r| Ͻ .03); both p Ͼ .8). Conducting the same analyses as before, but with the restricted patient sample, we found correlations with: PANSS Disorganization, r ϭ Ϫ.333, p ϭ .014, PANSS Positive, r ϭ .280, p ϭ .040, PANSS Excitement, r ϭ .283, p ϭ .044, SAPS Hallucinations, r ϭ .284, p ϭ .037, SAPS Delusions, r ϭ .306, p ϭ .024, PAS Scholastic Average, r ϭ Ϫ.349, p ϭ .014, PAS Social Sexual, r ϭ Ϫ.298, p ϭ .044, and PAS Early Adolescence, r ϭ Ϫ.427, p ϭ .003. After Bonferroni corrections, there remained a significant effect of PAS Early Adolescence (p corr ϭ .03) and a marginal effect of PANSS disorganization (p corr ϭ .07).
Combining Samples Across Studies
The PANSS disorganization effect did not survive statistical correction and thus may not yet be convincing, despite being of a priori interest. To better test for the symptom's relevance, we incorporated data from an older published study on visual shape completion (18 controls, 75 schizophrenia/schizoaffective patients; Keane, Joseph et al., 2014) . This older study was substantially the same as the one presented here, except that it employed only traditional pac-men and had half as many trials per subject (the other half of the trials displayed distractor lines on or near the illusory contours). Thirteen patients participated in both studies; only the current study data were retained in such cases. Upon combining PANSS and threshold data across studies, we found a modest effect of disorganization (N ϭ 126, r ϭ Ϫ.221, p ϭ .01). Critically, by removing patients who scored poorly on the fragmented task relative to their respective control groups (applying the same 1.5 SD as before; n ϭ 94 retained), we uncovered a more significant PANSS disorganization effect, r ϭ Ϫ.32, p ϭ .002 but no other symptom effect (all ps Ͼ .14; all |r| Ͻ .16). The disorganization correlation was robust and remained if the effect of study were partialed out (p ϭ .002) or if a 1.0 SD cut-off value were used (n ϭ 79, p ϭ .005). Excluding low-performing patients in this way (134 patients ¡ 99 patients vs. 66 controls) also forged a more highly significant group difference in shape completion, 
Discussion
We examined the developmental trajectory of visual shape completion deficits from first episode onward by cross-sectionally comparing healthy controls, chronic schizophrenia/schizoaffective patients, and first-episode psychosis patients on a well-studied psychophysical task. Despite having a normal illusory wire advantage, each patient group showed a similar visual shape completion impairment relative to healthy controls. The deficit could not be ascribed to differences in age, medication, or visual acuity, and was correlated with cognitive disorganization and poor premorbid early adolescent functioning. The deficit was largest for patients with normal orientation discrimination ability (d ϭ .8) and thus could not be attributed to poor attention/motivation or pathologically broad orientation tuning.
Why Do the Deficits Arise?
The presented results, we argue, implicate higher order cognition or at least perceptual stages that closely interface with cognition. First, each subject group exhibited a similar "illusory wire advantage." The advantage could arise because the traditional elements unleash the spread of achromatic surface color, which itself adds positional uncertainty to the surrounding illusory contour; or it could be because edges more strongly group when they less often align by coincidence in nature, as would happen with wire segments (Wagemans et al., 2012) . Regardless of the correct explanation, a normal illusory wire advantage coupled with poor shape completion indicates that patients were forming but not properly employing illusory contours to discriminate shape. Additional supporting evidence derives from a methodologically similar study that incorporated distractor lines, which worsen illusory shape discrimination when appearing on or near illusory contours (Keane, Joseph et al., 2014) . Distractor line effects have been taken to index the fast, automatic, and modular process of illusory contour formation in numerous studies of healthy adults (Dillenburger & Roe, 2010; Keane, 2018; Keane, Lu, Papathomas, Silverstein, & Kellman, 2013; Zhou et al., 2008) . Keane, Joseph, and colleagues (2014) found that schizophrenia patients normally responded to distractor lines (being affected only in the illusory condition) but poorly discriminated illusory shapes, again implicating higher-order perception or cognition. Visual evoked potentials provide yet further support: when patients and controls attempted to detect the presence of an illusory Kanizsa shape, patients exhibited an intact signature of illusory contour formation at early time epochs (106 -194 ms) and hyperactivation of right inferior frontal cortex at later time epochs (240 -400 ms; Foxe, Murray, & Javitt, 2005) .
It may seem counterintuitive to tease apart early and late processing stages in visual shape completion as we have done here, but others have argued for the same distinction via different approaches. For example, Murray and colleagues examined the visual evoked potentials of subjects engaged in the fat/thin task and found that whereas the response magnitude and scalp topogThis document is copyrighted by the American Psychological Association or one of its allied publishers.
raphy automatically depended on the presence of illusory contours at earlier epochs (124 -186 ms; N1 component), a closure negativity waveform predicted response accuracy at later time windows (330 -406 ms; N CL component; Murray et al., 2006) . Similarly, Keane and colleagues found that whereas cognitive grouping strategy imposed no obvious effect on distractor line influence or fragmented shape discrimination, it did influence subjects' ability to differentiate fat and thin illusory shapes (Keane, Lu et al., 2012) . Poor early adolescent premorbid functioning is also relevant here because cognitive decline begins by this same time period, almost a decade before the first psychotic episode (Kahn & Keefe, 2013) . As an exploratory measure, we further decomposed the early adolescent score to reveal what functioning domain mattered most. Poor scholastic performance yielded the strongest effect (r ϭ Ϫ.445, p Ͻ .002). Poor scholastic performance during the early adolescent premorbid period also strongly predicts future schizophrenia onset (van Oel, Sitskoorn, Cremer, & Kahn, 2002) . A realistic possibility-and one that no doubt will have to be further explored-is that the higher-level neural mechanisms that worsen visual shape completion also contribute to early adolescent intellectual dysfunction, cognitive decline, and ultimately psychosis onset.
Of course, to say that prefrontal cortical areas are involved in this deficit is not to say that all visual areas are operating normally during the task. Poor top-down feedback from frontal cortex to ventral stream areas such as LOC may worsen fine-grained shape discrimination (Plomp et al., 2013; Sehatpour et al., 2010) . In a multimodal (EEG/FMRI) investigation using structural equation modeling, schizophrenia patients were impaired at recognizing partly visible objects, and this impairment was linked to reduced top-down connectivity from prefrontal cortex to hippocampus and LOC; it was also linked to lower scores on the WAIS-III perceptual organization battery (Sehatpour et al., 2010) . Future research will need to unravel the complex interplay between intellectual and prefrontal impairments, on the one hand, and shape completion and occipital dysfunction, on the other.
Implications: Post-Onset Neurodegeneration and Clinical Specificity
Short-range contour linking is implemented via long-range horizontal excitatory connections between pyramidal cells in early visual cortex; longer-range integration (Ͼ2 deg, as with large Kanizsa shapes) relies much more on the faster myelinated connections that iteratively shuttle top-down, bottom-up signals between V1, V2, and V4/LOC (Liang et al., 2017) . We propose that the former is primarily impaired in schizophrenia and that the former may deteriorate following the first psychotic break. As evidence, Keane et al. (2016a) had schizophrenia patients and healthy controls locate a sparsely defined circular target embedded within randomly oriented noise elements. Patients were impaired at the task when integrating higher-spatial frequency elements with smaller inter-element spacing (12 cycles/deg; .64 deg spacing), but unimpaired when integrating lower spatial frequency elements with larger inter-element spacing (4 cycles/deg, 1.93 deg spacing; see online supplementary Figure S1 ). This pattern grew more pronounced with longer illness duration. Likewise, Keane, Erlikhman et al. (2014) employed a collinear facilitation task in which subjects attempted to detect a central low-contrast target flanked by orthogonal or collinear high-contrast elements. Patients normally benefited from collinear flankers for large, lower spatial frequency displays (inter-element distance ϭ 1.0 deg, 4 cycles/ deg) but not for small, higher spatial frequency displays (10 cycles/deg, inter-element distance ϭ 0.4 deg), though it remains unclear whether the group difference would increase with illness duration. The effects just described did not emerge simply because higher spatial frequency edges are harder for patients to see; patients improve at detecting and discriminating luminance gratings relative to controls as spatial frequency increases (Butler et al., 2005; Kiss et al., 2006) . Moreover, eliciting larger integration deficits in patients may not simply be a matter of reducing interelement distance (Keane, Silverstein et al., 2012) ; it may also require scaling down the size of the individual elements (Gaussian envelope and carrier wavelength) so that they better stimulate cells with smaller receptive fields (Freeman & Simoncelli, 2011 , p. 1196 . Thus, while later-episode neurodegeneration may not affect higher-order visual cognition or top-down feedback between visual areas, it could progressively impair shorter-range horizontal connections that link cells with smaller receptive fields and higher spatial frequency tuning.
Our results further imply that completion deficits probably extend well outside the traditional DSM-IV-TR nosological boundaries, equally affecting people with schizophrenia, schizoaffective disorder and other psychotic disorders. In recent unpublished work, we manipulated contour salience via the distractor line approach described above and found intact illusory contour formation and intermediate completion deficits in bipolar disorder patients relative to schizophrenia patients and healthy controls (Keane, Paterno, Kastner, & Silverstein, 2016b ). These results, taken together, suggest that completion deficits bind together a family of psychotic and perhaps mood disorders to varying degrees, but how and why this is so remains to be fully investigated.
Advantages, Limitations, and Final Remark
Virtues of the present study are worth noting. Whereas many previous studies have been hobbled by so-called "generalized deficit confounds" in that poor patient performance could be attributed to poor motivation or other more general aspects of task performance, we have side-stepped these problems by showing that patients can be entirely normal at orientation discrimination but impaired at illusory shape discrimination. This is important because the illusory and fragmented tasks invoke many of the same processes; each involves: (a) learning two response alternatives from a limited number of practice exemplars and instructional screens (novel task learning); (b) transferring the learned alternatives to long term memory (consolidation); (c) attending to four discrete spatial regions (divided attention); (d) continuously monitoring the display over specific trial intervals (temporal attention); (e) capturing and extracting spatial information from briefly presented arrays (visual short term memory); (f) discerning fine-grained orientation differences (orientation perception); and (g) repeating the foregoing processes over the task duration (ϳ12 min; sustained motivation). Perhaps because of all these similarities, the intertask correlation was high in each subject group (both rs Ն .40, both ps Ͻ .01) and across subjects (r ϭ .50, p Ͻ 10 Ϫ8 ). These effects should not be taken for granted-seemingly similar tasks can sometimes be completely uncorrelated even with large This document is copyrighted by the American Psychological Association or one of its allied publishers.
samples (Grzeczkowski, Clarke, Francis, Mast, & Herzog, 2017) . In a word, by using a well-justified difference scores approach and by matching groups on orientation discrimination ability, poor illusory performance can more cleanly be attributed to dysfunction in forming and discriminating visually completed shapes. Another advantage to our method is that visual shape completion, illusory contour formation, and the fat/thin task specifically have been studied extensively in the basic visual neuroscience literature using EEG, fMRI, MEG, TMS, single-unit recording and behavioral psychophysics. Behaviorally demonstrating large and robust shape completion deficits licenses specific testable inferences about what brain regions may be differentially active during the task. In addition, a visual shape completion deficit at first episode implies that the effect cannot be blamed on lifestyle factors that accompany illness chronicity (e.g., obesity, infrequent health check-ups, long-term medication use, chronic stress, smoking); it also implies that the effect could potentially help identify prodromal patients who will later develop psychosis. Finally, as discussed at length above, our results selectively inform the controversy as to whether neurodegeneration accompanies prolonged illness duration (Kahn & Keefe, 2013; Zipursky et al., 2013) .
There were study limitations. Patients were on medication at the time of testing. Despite CPZ equivalents not correlating with visual shape completion and despite decades-long antipsychotic use not imposing any obvious effect on chronic patients relative to the first-episode group, research with never-medicated patients is still important. Demonstrating deficits in unaffected first-degree relatives of patients could similarly strengthen the case against medication effects. A second limitation is that conceptual strategy can and does play a role modulating visual shape completion (Keane, Lu et al., 2012) . However, we do not view this as problematic since all subjects were clearly shown and encouraged to use the beneficial grouping strategy in the illusory condition at the outset of the experiment. Therefore, if patients chose to neglect the Gestalt grouping strategy, then that itself would be revealing; it would suggest that high-level factors are indeed responsible for the group differences. Moreover, to say that patients invoked a nonoptimal strategy is not to say that they relied upon only one element or that they failed to form illusory contours, as demonstrated by their intact illusory wire advantage. Another limitation is that we obtained only one clinical and behavioral assessment per subject. This is not ideal because cognitive and perceptual disorganization can covary in a trait-like fashion, as shown with disorganized schizotypal participants (Uhlhaas, Silverstein, Phillips, & Lovell, 2004) ; or the two can covary in a state-like manner, as shown with recently hospitalized schizophrenia patients . Disentangling the state-and trait-related symptom contributions to poor shape completion will require a multiwave longitudinal assessment (Mathalon & Ford, 2012) .
Taken collectively, our results demonstrate large, plausibly high-level, visual shape completion deficits that emerge fully by the first psychotic episode and that are most apparent for individuals with disordered thinking and poor premorbid early adolescent functioning. These results suggest that visual shape completion may index the presence of schizophrenia spectrum disorders relative to people without psychiatric illness, and may provide glimpses into the underlying pathophysiology and etiology of psychotic disorders more generally.
